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ADVANCED ROUGHNESS METROLOGY 
CROSS-REFERENCE TO RELATED APPLICATION 

[0001] This application claims the benefit of U.S. Provisional Patent Application 
60/528,630, filed 10 December 2003, which is incorporated herein by reference. 

FIELD OF THE INVENTION 

[0002] The present invention relates generally to measurement of integrated circuits and/or 
components used in producing the circuits, and specifically to measurement of roughness of 
features of the integrated circuits and the coniponents. 

BACKGROUND OF THE INVENTION 

[0003] As dimensions of integrated circuit features reduce, the negative effects of roughness 
of the features, and/or of components such as photo-resist and ancillary structures used to 
produce the features, become more pronounced since there is no corresponding reduction of 
roughness with dimension reduction. As a result of the increased problems, metrics that quantify 
roughness of specific sections of an integrated circuit have been developed; for example, line 
edge roughness (LER) measures Hie roug^hness of a linear edge. One metric for LER that is used 
in the art is a value of 3a, where a is the standard deviation of points of the linear edge from a 
straight line. Other metrics have also been developed. 

[0004] For example, definitions of edge roughness magnitude and spatial frequency for a 
linear edge are given by Nelson et al. in an article entitled "Comparison of Metrology Methods 
for Quantifying the Line Edge Roughness of Patterned Features," in Journal of Vacuum Science 
and Technology B17(6), pages 2488-2498 (1999), which is incorporated herein by reference. 

[0005] U.S. Patrat Application 2003/0190069, to Arkady et al., which is incorporated h^ein 
by reference, describes a method for measuring the line edge roughness of an object using a 
scanning electron ndcroscope. An edge of the object is oriented so that it is non-parallel to a 
direction of scan and the object is scanned in a line-by-line method. Edge points determined by 
the scan are fitted to a straight line, and a metric measuring the perpendicular deviation of these 
points from the line is derived. 
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[0006] U.S. Patent Application 2003/0021463, to Yamaguchi et al., which is incorporated 
herein by reference, describes a spatial frequency measure for LER. The measure is derived by 
performing a Fourier transform of points generating a linear edge, and using the Fourier 
coefficients to generate the frequency measure. 

[0007] Vandeweyer et al., in an article entitled 'The measurement of Contact Edge 
' Roughness in 193imi patterning," in Interface 2003, (September, 2003), which is incorporated 
herein by reference, describe a process for measuring roughness of contact holes. The process fits 
edge points of the contacts to a circle, and a metric for the contact edge roughness is defined as 
the standard variation of the points from the circle. 

[0008] Notwithstanding the metrics described above, there is a need for a metric that better 
quantifies roughness of features of an integrated circuit. 

SUMMARY OF THE INVENTION 

[0009] In an embodiment of the present invention, a feature of an object related to 
production of an integrated circuit is imaged, and coordinates of a set of points of an edge of the 
feature are determined. The feature may be a contact hole formed in a semiconductor wafer, and 
the imaging is typically performed using a scanning electron microscope (SEM). A figure having 
a non-circular and a non-linear shape is fitted to the set of points. The figure may be defined by a 
function, or may be an arbitrary shape determined from the set of points. Distances, typically 
perpendicular distances, from the points to the figure are measured, and a processor derives 
metrics describing the roughness of the feature from the distances. The metrics have been found 
to give good and intemally consistent measures of roughness of the feature. 

[0010] hi one embodiment, a first metric includes a standard deviation of the distances from 
the points to the figure, taking into account a number of degrees of freedom reqiiired to describe 
the figure. To generate a second metric, the processor determines an auto-correlation Amotion of 
the distances along the figure, and derives a correlation length between the distances from the 
fimction. The correlation length gives a measure of the sharpness of protuberances from the edge 
of the conq)onent part. 

[001 1] For a third metric, the processor performs a Fourier analysis on the distances, and 

uses the Fourier coefficients to generate an integrated power spectrum of the distances. The 

Fourier analysis may be performed in the spatial or the frequency domain. A point in the 
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Spectrum corresponding to a predetermined percentage of the total power is used as the third 
metric. Typically, filtering is applied to the coefficients so that not all coefficients are given equal 
weight in determining the metric. Optionally, the filtering is adjusted according to a 
manufacturing process that has been used to generate the feature. 

[0012] In a disclosed embodiment, the figure is assumed to be an ellipse, which has five 
degrees of fireedom. 

[0013] Li an alternative embodiment, two edges of the feature are imaged. The metrics 
described above are adapted to use distances between the two edges in order to determine 
corresponding width roughness metrics for the width of the feature. 

[0014] The present invention will be more fully understood firom the following detailed 
description of the embodiments thereof, taken together with the drawings, a brief description of 
which follows. 

BBIEF DESCRIPTION OF THE DRAWINGS 

[0015] Fig. 1 is a schentiatic diagram of a s^niconductor analysis system, according to an 
embodiment of the presmt invention; 

[0016] Fig. 2 is a schematic diagram illustrating a contact hole analyzed by the system of 
Fig. 1, according to an embodiment of the present invention; 

[0017] Figs. 3A and 3B are graphs derived firom a Fourier analysis of distances determined 
in the system of Fig. 1, according to an embodiment of the present invention; 

[0018] Fig. 4 shows histogrannis of results of experiments using the system of Fig. 1, 
according to an embodiment of the present invention; and 

[0019] Fig. 5 is a flowchart showing steps used to derive roughness metrics, according to an 
embodiment of the present invention. 

DETAILED DESCRIPTION OF EMBODIMENTS 

[0020] Reference is now made to Fig. 1, which is a schematic diagram of a semiconductor 
analysis system 10, according to an embodiment of the present invention. System 10 includes a 
scaiming electron microscope (SEM) 12, which generates an electron beam 14 that scans a 
surface 16 of a semiconductor wafer 18. The SEM collects secondary electrons fix>m a feature 20 
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on the surface, and an imaging unit 21 generates an image of the feature from the secondary 
electrons. SEM 12 includes a processor 24 and a memory 26 wherein is stored software that 
enables the processor to operate the SEM, and to perform analyses on the data generated by the 
SEM. Hereinbelow, unless otherwise stated, feature 20 is assumed to include a contact hole 28, 
which is illustrated in more detail in Fig. 2. Typically, the image of the contact hole is generated 
by applying an edge detection algorithm to raw data derived from the secondary electron 
collection. Methods for generating the raw data and for detemiining the edge therefrom are well 
known in the art, and processor 24 applies one or more of these methods to generate the image. 
Altematively, the image of feature 20 is generated by another type of microscope known in the 
art, such as an optical microscope. 

[0021] While the description herein is generally directed to analysis of a contact hole, it will 
be imderstood that the principles of the present invention may be applied to analysis of 
substantially any microscopic feature having dimensions less than approximately 1 pm. Such 
features include, but are not limited to, reticles or parts thereof, and "stamps" used as a cast of a 
structure of a wafer. 

[0022] Fig. 2 is a schematic diagram illustrating contact hole 28, according to an 
embodiment of the present invention. Contact hole 28 includes an inner edge 30 and an outer 
edge 32, and processor 24 is configured to apply the edge detection algorithms to determine an 
outer set of points 22 on outer edge 32. Points 22 are also referred to herein as points Pj, ieN, 
where N represents the set of natural numbers. Typically, processor 24 is also configured to 
determine an inner set of points on inner edge 30. While the analysis described hereinbelow 
refers only to outer set of points 22 of outer edge 32, it will be appreciated that a substantially 
similar analysis may be applied to points on the inner edge. For clarity, only points 22 on outer 
edge 32 are shown in Fig. 2. 

[0023] Processor 24 is configured to fit the set of points 22 to a closed non-circular figure 
26, which by way of example is assumed herein to be an ellipse. It will be imderstood, however, 
that figure 26 may in general be any closed non-circular figure. Typically, an operator of system 
10 sets a known shape of the closed non-circular figure to which points 22 are to be fitted. Figure 
26 is in general defined by a number of degrees of freedom, hi the case of figure 26 being an 
elUpse, the figure has five degrees of freedom, since the ellipse may be completely defined by 
two coordinates (x^, y©) for the center of the ellipse, the length of the semi-major and semi-minor 

4 



wo 2005/059531 



PCT/US2004/041884 



axes (a, b), where a?*), and an orientation 0 of the ellipse to an arbitrary axis, herein assumed to 
be a horizontal axis. 

[0024] After fitting points 22 to figure 26, processor 24 calculates values of for each 
point Pi, where Df is a distance of point Pi to the fitted figure 26. In an embodiment of the 
present invention, Di is a perpendicular distance to the fitted figure 26. In an alternative 

• 

embodiment, Di is measured along a line through a center of the fitted figure, and so corresponds 
to a radial distance. Other methods for determining distances Di will be apparent to those skilled 
in the art; all such methods are assumed to be comprised within the scope of the present 
invention. 

[0025] Processor 24 derives a first contact edge roughness metric CER for edge 32, using 
equation (1): 



CER = 3x 



1 



n 



i=l 



(1) 



n-n^p 

t 

where n is the number of points 22, and 

n£)p is the number of degrees of fireedom of the figure fitted to points 22. 

[0026] For the case of figure 26 being an ellipse, equation (1) becomes: 



n 



CER = 3xlpJ (2) 

n-5 



[0027] It will be appreciated that small values of CER correspond to edge 32 fitting closely 
to figure 26, and that a small value of CER typically implies that edge 32 has a low roughness. 

[0028] Processor 24 is also configured to derive second metrics, herein termed correlation 
lengths, fi-om the values of Di, as described below. 
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[0029] For each point Pj, processor 24 determines a point Pj so that P^, Pj subtend an angle 
A9 (0<A9<360°) at the center of the ellipse. Pj, Pj haVle corresponding distances T>{, Dj to figure 

« 

26. For each possible value of A6, processor 24 calculates a dimensionless auto-correlation 
function R(A6) as follows: 



R(Ae) = 1 



((Di-Dj)2) 



.2 



2x 



n-n£)i? 



(3) 



where (x) represents the av^ge of all x. 



[0030] 



From the values of R(A6), a correlation length CL^q is determined as the smallest 



value of AG that gives R(A9) = — , i.e., as given by equation (4): 

e 



CLag = AG 



R(AG)=- 



(4) 



[003 1] Lispection of equations (3) and (4) show that CL^q corresponds approximately to an 
angular periodicity of points Pj relative to figure 26. For example, if. poiats Pj are actually 
generated firom an ellipse having 1 80 evenly distributed "spikes," then CL^q is approximately 
2°, or the corresponding linear dimension of the elUpse. It will be appreciated that, ia general, the 
smaller the value of CL^^g, the sharper are the protuberances generated by points Pj firom figure 
26, and that as CL^g approaches 0, the closer the edge is to being randomly rough. In contrast, as 
the value of CL^g moves from a value of 0, typically the degree of coherence of the roughness 
increases. 

[0032] In an altemative embodiment of the present invention, rather than finding points Pj 
subtending an angle A0, processor 24 finds points Pj having an arc length between the points 
equal to AL. The processor then derives an auto-correlation function R(AL), and a correlation 
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length CL^, as given by equations (5) and (6) below. In this case, CLat, is the smallest value 

of AL that gives R(AL) = - . 

e 



_^ ((Dj-Dj)") 



R(AL) = l-i-— ^ (5) 



2x 



n-iiDF 



CLal = AL 



1 (6) 
R(AL)=- 



e 



[0033] Hereinbelow, imless otherwise stated, CL^q and CLat. generically termed CL. 

[0034] To generate a third roughness metric, processor 24 performs a Foiiri^ analysis, 
typically a Fast Fourier Transform (FFT), on distances Dj. The Fourier analysis resolves the 

m 

distances Dj of points into discrete spectral components, each component having a respective 
amplitude, according to an equation of the general form of equation (7): 



00 



D(e).= X;amCos(me) (7) 
m=l 

where D(&) represents the function ofD{{d) vs. 6, and 

ajijL is the amplitude of each component mdy typically measured in tun. 



[0035] The coefficients a^^ detem^ned by the Fourier analysis are used to generate a power 
spectrum and an integrated power spectrum for points Pj, 

[0036] Figs. 3A and 3B are graphs derived from a Fourier analysis of distances Dj, 
according to an embodiment of the present tuvention. Fig. 3A illustrates a power spectrum of 
power spectral density values vs. frequency. Fig. 3B illustrates a corresponding integrated power 
spectrum of the total percentage power included up to a given frequency vs. frequency. Both 
graphs are derived by processor 24. From the integrated power spectrum, processor 24 
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determines an integrated power IPp for a predetermined value p, where p is a percentage of the 
power between 0% and 100%, and is typically set to a value between 30% and 70%. In an 
embodiment illustrated in Fig. 3B, p has a value of 50%, and the value of Ipp is approximately 
0.008 imi*l. Processor 24 uses IPp as a third roughness metric, small values of IPp corresponding 
to points Pj having relatively small amplitudes of high frequency protuberances, and large values 
corresponding to points Pj having relatively large amplitudes of high frequency protuberances. 

[0037] In an embodiment of the invention, processor 24 filters the values of PS, typically 
using a band pass, a low pass, or a hig^ pass filter, before determining the value of IPp. The 
filtration may be applied in either the spatial or the frequency domain, and the filtration, or a 
process equivalent thereto, may be applied at a stage other than that exen^lified here, as will be 
apparent to those skilled in the art. 

I 

[0038] The inventors have found that the process used to form contacts, or any other feature 
on wafer 18, may be a factor in determining values of am, and the filter may be chosen according 
to the process used. For example, a mask used to form a photo-resist for the contacts may have 
its own intrinsic roughness, and this roughness is typically a factor in the roughness of the 
contacts. Applying a filter determined on the basis of the photo-resist roughness allows the 
roughness caused by other processes to be measured. 

[0039] The inventors have also found that the process of filtration may advantageously be 
applied to isolate and/or eliminate specific shape effects that may obscure a value of Pp for 
substantially any feature on wafer 18. For example, a high pass or a band pass filter ntiay be 
applied in the frequency domain to reduce or eliminate low frequency values caused by a feature 
having a shape comprising a relatively low curvature. Other filters that may be used for specific 
shapes will be apparent to those skilled in the art, and all such filters are assumed to be included 
in the scope of the present invention. 

[0040] hi experiments performed by the inventors to evaluate the efficacy of using CER and 
CL^Q to determine roughness of a contact, two exemplary sets of contacts, each contact being 
generally similar to contact hole 28, were prepared. A first set of 20 contacts used a first etch 
recipe, and a second set of 20 contacts used a second etch recipe. Visually, the first set of 
contacts appeared to be shghtly less rough than the second set of contacts. The values of CER 
and CL^Q were determined for each contact. 
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[0041] Fig. 4 shows histograms of the results of the experiments, according to an 
embodiment of the present invention. Histograms 40 and 42 show frequencies of CER and CL^q 
respectively for the first set of contacts; histograms 44 and 46 show frequencies of CER and 
CLaO respectively for the second set of contacts. The average values for CER and CL^q for the 
two types of contacts are given in Table I below. The values are given with errors assumed to be 
3<^CER 3^CL (where <^CER ^® standard deviation of CER, and oqj^ is the standard 
deviation of CL^g). 





CER ± 3ffCER 


CLag ± 3acL 


First Set 


4.13 ±0.23 


28.41 ±1.34 


Second Set 


6.60 ± 0.32 


16.51 ± 0.45 



Table I 



[0042] Inspection of Fig. 4 and of Table I shows that for both metrics the two sets of results 
are well separated. Thus, CER acts as good first metric of roughness, smaller values of CER 
corresponding to less rough contacts. Also, CL acts as good second metric of roughness, larger 
values of CL corresponding to less rough contacts. 

[0043] . It will be understood that while the descriptions above relates generally to fitting an 
edge to a closed figure in the shape of an ellipse, the closed figure may have substantially any 
predetermined non-circular shape. For exanq)le, the shape of the closed figure may be 
represented by an equation of the fonn: 



/' Ml 
X 

-I + 



= 1 



(8) 



. where n > 2. In this case, "a" may or may not be equal to "b". 



[0044] Those skilled in the art will be able to adapt the derivations of the metrics described 
herein, mutatis mutandis^ to accommodate alterations such as differing numbers of degrees of 
freedom of the predetermined non-circular shape. 
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[0045] The inventors have found that the correlation coefficients CL described above give 
good metrics of roughness for edges of features having substantially any shape. Consequently, in 
an alternative embodiment of the present invention, the figure fitted to the edge includes 
substantially any closed or open figure. In this case, metrics used to determine the roughness of 
the edge are substantially those given by equations (4) and (6) above, mutatis mutandis. 

[0046] In a fiirther alternative embodiment of the present invention, rather than fitting the 
experimentally determined points to a specific figure, processor 24 uses the points to fit a 
nominal shape, or "figure backbone,*' to the points. The nominal shape derived depends on the 
experimentally determined points, and may be substantially any non-linear shape. The nominal 
shape is typically generated by averaging positions of sub-sets of the points, by methods which 
are well known in the art. Once the averaged positions of the nominal shape have been 
determined, processor 24 determines distances of the points to the nominal shape, and uses these 
distances to calculate values of CER, CL, and/or Ipp, substantially as described above with 
respect to equations (1), (3) - (7), and Figs. 3A and 3B. The distances are typically measured at 
substantially equal intervals along the nominal shape; alternatively, the distances may be 
measured at unequal intervals along the shape. It will be appreciated that the number of degrees 
of freedom njyp used in equations (1), (3) and (5) is dependent on the method used to generate 
the nominal shape. 

[0047] It will be imderstood that the metrics described above may be used, mutatis 
mutandis, to generate metrics which may be applied to measure a width roughness of a feature 
having two edges. For example, equation (1) may be adapted to give an expression for a contact 
width roughness (CWR): 



CWR = 3x 




where ADj is a distance between corresponding points Pj on the two edges. 

[0048] Adaptations to equations (3) ~ (7) using ADj, and corresponding alterations to the 
process described with respect to Figs. 3A and 3B, in order to generate width metrics 
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corresponding to the edge metrics described above, will be apparent to those skilled in the art. 
All such adaptations and alterations are assumed to be conqmsed within the scope of the present 
invention. 

[0049] Fig. 5 is a flowchart 50 showing steps used to derive roughness metrics, according to 
an embodiment of the present invention. By way of exanq>le, it is assumed that two edges of a 
feature are imaged, and the roughness metrics are conq>uted using both sets of edges. la a first 
step 52, an image of the feature to be measured is generated, substantially as described above 
with reference to Fig. 1. In a second step 54, coordinates of points for each of the edges of the 
feature are determined. In a fitting step 56, for each edge flie points determined in step 54 are 
fitted to a figure, generally as described above with reference to Fig. 2. Alternatively, a nominal 
shape for each of the edges is generated jfrom the coordinates of the points of the respective edge, 
as described above. In a distance-measuring step 58, distances between the figure or the nominal 
shape and the points are calculated. In a final step 60, the values of the distances are used to 
calculate the roughness metrics, substantially as described above with reference to equations (1), 
(3) - (7), (9), and/or Figs. 3A and 3B. 

[0050] It will be appreciated that the embodiments described above are cited by way of 
exan:q>le, and that the present invention is not limited to what has been particularly shown and 
described hereinabove. Rather, the scope of the present invention includes both combinations 
and subcombinations of the various features described hereinabove, as well as variations and 
modifications thereof which would occur to persons skilled in the art upon reading the foregoing 
description and which are not disclosed in the prior art. 
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